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The pyrite-structure transition-metal disulfide NiS2 is in principle a model cubic antiferromagnetic Mott
insulator that can be doped through insulator-metal transitions with both electrons and holes (in Ni1–xCuxS2 and
Ni1–xCoxS2), eventually inducing superconductivity and ferromagnetism, respectively. Magnetism and transport
have proven challenging to understand in NiS2, however. The antiferromagnetic spin structure below ∼39 K is
complex due to frustration, while unexplained weak ferromagnetism emerges below ∼30 K. Surface conduction
is also now understood to dominate in NiS2 at low temperatures, raising questions about the interpretation
of decades of prior data. Here, we present a complete study of the surface magnetotransport phenomena
that emerge at low temperatures in high-quality single-crystal NiS2, which turn out to be strikingly rich. On
cooling, isotropic magnetoresistance due to a field-induced shift of the first-order weak ferromagnetic ordering
transition is first uncovered, i.e., metamagnetic magnetoresistance. At lower temperatures, larger, anisotropic
magnetoresistance effects arise due to distinct switching events associated with the weak ferromagnetism. Strong
evidence is presented that this is due to a field-driven in-plane to out-of-plane reorientation of surface spins,
likely correlated with surface steps and terraces. In-plane exchange bias accompanies these effects, further
supporting this interpretation. At the lowest temperatures, the spin reorientation field eventually exceeds the
9-T measurement window, generating strongly field-asymmetric magnetoresistance. Some of these unusual
phenomena also manifest in the Hall channel, culminating in a sizable anomalous Hall effect at low temperatures.
These results significantly demystify recent magnetoresistance and magnetic microscopy observations in NiS2

crystals and nanoflakes, and constitute an important step in elucidating the complex electronic and magnetic
properties of this pivotal antiferromagnetic Mott insulator.
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I. INTRODUCTION

Mott insulators, and the insulator-metal transitions (IMTs)
they display versus doping and bandwidth, hold a partic-
ularly important place in condensed matter and materials
physics, and have been intensively studied in many materi-
als (e.g., [1–3]). The pyrite-structure transition-metal (TM)
disulfide NiS2 is one such material [4–15], which is of par-
ticular interest due to its relatively simple, cubic structure,
and the band-filling-controlled evolution of the electronic
and magnetic ground states in TMS2 pyrites [4–7]. Specifi-
cally, pyrite-structure FeS2, CoS2, NiS2, and CuS2 have t6

2ge0
g,

t6
2ge1

g, t6
2ge2

g, and t6
2ge3

g electronic configurations, respectively,
leading to diamagnetic semiconducting, ferromagnetic (F)
metallic, antiferromagnetic (AF) Mott-insulating, and metal-
lic/superconducting ground states [4–7]. Ternary systems such
as Ni1−xCoxS2 and Ni1−xCuxS2 thus enable doping of AF
Mott-insulating NiS2 with both holes and electrons [16–19],
while Se substitution (e.g., in NiS2–xSex) enables bandwidth
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control [20–24], rendering NiS2 particularly attractive for the
study of the transition from Mott insulator to metal.

Despite this promise as a model system, both magnetic
and electronic properties of NiS2 have proven challenging to
understand. NiS2 orders antiferromagnetically below a Néel
temperature, TN ≈ 39 K, but with a complex noncollinear spin
structure likely related to the geometric frustration inherent
to the fcc Ni sublattice [9,11,13,24,25]. This frustration is
apparent through a large ratio of the Curie-Weiss temper-
ature to TN (∼30) [11,26], accompanied by indications of
short-range ordering and deviations from ideal Curie-Weiss
behavior [25,26]. Most intriguingly, weak ferromagnetism
(WF) then turns on via a first-order transition at a temperature
Twf ≈ 30 K [9–11,14,19,24–26]. While WF is not uncommon
in AFs due to effects such as spin canting, it is nominally for-
bidden in the pyrite NiS2 space group [24]. Distortions from
the accepted structure have thus been proposed to explain the
WF [13,24,25], but with no clear literature consensus, mean-
ing that the WF ground state remains to be fully explained.

Electronic transport in NiS2 is similarly rich. Insulating be-
havior with a relatively small transport gap is well established
[8,11,13–24,26] but is followed at lower temperature (T) by
complex behavior. It is now becoming accepted that this arises
because surface conduction is intrinsic to NiS2 [26–28], as it
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is to other pyrite TMS2 compounds such as FeS2 [29–33]. In
essence, likely due to trivial surface states [26], the NiS2 sur-
face is more conductive than the bulk [26,27]. As NiS2 single
crystals are cooled, freeze-out of the Mott-insulating bulk thus
leads to the more conductive surface shunting the current in
standard transport measurements, yielding a bulk-to-surface
crossover [26]. This surface conduction in NiS2 was first hy-
pothesized by Thio and Bennett [27] but was recently put on
a firmer footing through observation of the above-mentioned
T dependence of the resistivity (ρ), successful two-channel
(bulk/surface) modeling of transport and magnetotransport,
low-T thickness scaling, sensitivity to surface preparation, etc.
[26]. The conductive surface layer on NiS2 single crystals can
even be fine-tuned via surface preparation, from a nanoscopic
effectively two-dimensional (2D) layer, to an ∼100-nm-
thick effectively three-dimensional (3D) weakly localized
layer [26].

These recent findings have several implications. First and
foremost, the vast majority of the large body of prior work
on the electronic properties of NiS2 across the IMT was
performed before these advances [26], meaning that sur-
face conduction was not considered. The extensive work on
the IMT in systems such as NiS2–xSex [20–24], Ni1–xCoxS2

[16,17], and N1–xCuxS2 [18] thus did not distinguish bulk
from surface behavior, meaning that many conclusions are not
reflective of the true bulk properties of NiS2 [26]. Second, the
extraordinary recent advances in the understanding of the im-
portance of topology in electronic structure and transport have
put a spotlight on surface transport phenomena, increasing the
general interest in this area [34–36]. NiS2 was in fact recently
identified as a magnetic material with potentially nontrivial
topology [37], although it is far from clear whether this predic-
tion would survive after the inclusion of the strong electronic
correlations needed to reproduce the Mott-insulating ground
state [38]. Third, given the extensive evidence for surface
conduction in FeS2 [29–33], the importance of surface states
in CoS2 [39], and the now growing evidence for surface states
and conduction in NiS2 [26–28], it becomes plausible that
surface conduction is inherent to the entire TMS2 family [26],
generating additional general interest.

Based on the above, further investigation of the elec-
tronic and magnetic properties of NiS2 is clearly war-
ranted. High-quality, thoroughly characterized single crys-
tals are available [8–18,21–23,25–28], with various sur-
face preparations [26], and have been used in detailed
studies of temperature- and field-dependent magnetometry
[9–11,14,23,25,26], ρ(T) [8,11,12,14–18,21–23,26,27], two-
channel (surface/bulk) transport modeling [26], thickness-
dependent transport [26], and higher-T magnetoresistance
(MR) and Hall effects [26]. What is clearly missing, however,
and is likely to be of particular interest given the above, is a
detailed study of low-T magnetotransport, particularly below
TN and Twf . AF and WF ordering are known to impact ρ(T) in
NiS2 [14,15,26] but the details of the interplay of AF and WF
order with transport are poorly understood, despite that they
are likely to be nontrivial and relevant to other materials. A
recent study of nanoflakes prepared from NiS2 single crystals
in fact unveiled a remarkable set of phenomena related to
the interplay of transport and magnetism [40]. These include
pronounced field asymmetry in MR below Twf , exchange-bias

effects, and very large low-T MR (up to 1400%) with complex
magnetic field (H) and T dependence [40]. The latter MR ef-
fects were found specifically in local (micron-scale) transport
measurements on nanoflake regions with large surface steps
[40]. Nitrogen-vacancy-center magnetometry then revealed
large uncompensated magnetization at those surface steps,
suggesting some interplay between surface conduction and
surface WF [40]. Such studies establish complex magneto-
transport in surface-dominated NiS2, with clear interplay with
magnetism, but with many unanswered questions regarding
mechanisms [40].

Here, we address the above through a comprehensive low-T
magnetotransport study of high-quality, thoroughly character-
ized NiS2 crystals, deep in the surface-dominated transport
regime. Clear anomalies in ρ(T) are detected at TN and Twf .
MR measurements then reveal a sharp negative peak close to
Twf , in addition to larger effects at lower T. The effect near
Twf is shown to be isotropic MR arising due to the field-driven
shift of the first-order transition to WF, i.e., metamagnetic
MR, analogous to that seen in other magnetically ordered
systems with first-order transitions. At lower T, larger MR
effects kick in, with pronounced anisotropy. Specifically, H
along [111] (perpendicular to the crystal surface) is shown
to induce clear switching events in the WF magnetization
and MR, which are absent in in-plane measurements, where
exchange bias instead emerges. Considering the prior ob-
servation of large uncompensated magnetization at surface
step edges [40], we propose a coherent explanation for these
phenomena where a field-driven surface spin reorientation
transition drives the MR. The critical field for this spin re-
orientation grows with cooling, eventually exceeding the 9-T
measurement window, at which point highly field-asymmetric
MR emerges, explaining prior observations [40]. Finally, Hall
effect measurements provide complementary observations, in-
cluding signatures of the spin reorientation transition and a
sizable anomalous Hall effect at low T. These findings shed
much light on prior observations in NiS2 nanoflakes [40]
and represent an important step toward understanding the
electronic and magnetic properties of this pivotal AF Mott
insulator.

II. EXPERIMENTAL METHODS

As in recent prior work [26], the NiS2 single crystals
studied here were grown by chemical vapor transport. De-
tails can be found elsewhere [26] but, briefly, precursor
powders of Ni (Alfa Aesar, 99.999% purity), S (CERAC,
99.9995% purity), and NiBr2 (Sigma-Aldrich, 99.999% pu-
rity) were employed, in evacuated quartz vessels, with hot
and cold zone temperatures of 700 ◦C and 650 ◦C [26]. Con-
sistent with the crystal habit [see the inset to Fig. 1(e) for
an image of a typical crystal] single-crystal x-ray diffrac-
tion confirms (111) surface facets [26]. These crystals have
been subjected to rigorous prior structural, chemical, mag-
netic, and electronic characterization, encompassing powder
x-ray diffraction, single-crystal x-ray diffraction, x-ray rock-
ing curve analysis, energy-dispersive x-ray spectroscopy, T-
and H-dependent magnetometry and (magneto)transport, two-
channel transport modeling, etc. [26].
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FIG. 1. Temperature (T) dependence of the magnetization M
(a),(e), sheet resistance Rs (b),(f), dRs/dT (c),(g), and percent mag-
netoresistance MR (d),(h) with the applied magnetic field H parallel
to the [111] direction (left panels, red) and perpendicular to the [111]
direction (right panels, blue). As shown in the inset to (e), parallel to
[111] is out of the crystal plane, while perpendicular to [111] is in
the crystal plane. The inset to (a) is a blowup of the region around
the Néel temperature. The data in panels (a),(e) are shown for both
field-cooled cooling (FCC, dotted lines) and field-cooled warming
(FCW, solid lines), in the fields shown. The data in panels (d),(h) are
at 9 T. The vertical dashed lines mark the Néel temperature (TN) and
weak ferromagnetic ordering temperature (Twf ).

Importantly, the work presented here was performed on
double-side-polished crystals. Mechanical polishing is known
to enhance surface conduction in NiS2, resulting in a rel-
atively thick (∼100 nm) surface layer with effectively 3D
transport characteristics [26]. This choice of surface prepara-
tion was made to ensure that all measurements are deep in
the surface-dominated transport regime; the surface-to-bulk
crossover occurs at ∼125 K in such crystals [26], while we
focus here on <50 K. Six crystals were measured in this study,
in addition to ∼12 in prior work [26], and the crystal upon
which this paper focuses is representative of all crystals mea-
sured of this type. For transport experiments, parallel (111)
crystal faces were first polished with SiC paper, followed by
3- and 1-µm diamond slurries. Van der Pauw contacts were
then applied using a Micro Point Pro iBond5000 Wedge wire
bonder, using Al(99.9%)/Si(1%) wire. Transport and mag-

netic (vibrating sample magnetometry) measurements were
made in a closed-cycle physical property measurement system
(Cryogenics Ltd.), from 2 to 310 K in μ0H up to 9 T. All
measurements were made with H both parallel to a [111]
axis and perpendicular to it, i.e., both out of, and in, the
crystal plane, respectively [see the inset to Fig. 1(e)]. Field-
dependent magnetization, MR, and Hall effect scans at a given
T were recorded by warming above TN, zero-field cooling to
the target T, then sweeping μ0H from 0 to 9 T to −9 T to
9 T. Raw MR/Hall effect data were typically symmetrized/
antisymmetrized to correct for contact misalignment effects;
these corrections were typically small. As discussed in detail
below, however (Sec. III B), at low T, some of the MR effects
observed here are highly field asymmetric, and thus were not
symmetrized [41].

III. RESULTS AND ANALYSIS

A. Basic magnetic, transport, and magnetotransport
characterization

Figures 1(a) and 1(e) first establish that the basic magnetic
behavior in the H//[111] and H⊥[111] cases is as expected.
The moderate-H measurements of the T-dependent magneti-
zation (M) shown in the main panels of Figs. 1(a) and 1(e)
are dominated by the onset of WF behavior at Twf ≈ 30 K
[9–11,14,15,25,26]. As can be seen by comparing the field-
cooled cooling (FCC, dotted lines) and field-cooled warming
(FCW, solid lines) data, weak thermal hysteresis arises, con-
sistent with the first-order WF to AF transition at Twf [10,26].
The second-order AF ordering at TN is apparent only from
closer inspection of M(T) [see the inset to Fig. 1(a)], which
reveals the typical peaks at TN ≈ 39 K [25,26]. Figures 1(b)
and 1(f) then establish typical zero-field sheet resistance (Rs)
versus T for polished NiS2 crystals. The T range here is well
below the bulk-to-surface crossover [26], resulting in surface-
dominated transport. In polished crystals, Rs falls well below
h/e2 ≈ 26 k�, the Rs(T) in Figs. 1(b) and 1(f) (which are
identical because H = 0) being typical, as quantitatively cap-
tured in prior work by weak localization and electron-electron
interaction corrections to the T = 0 conductance [26]. Also
noticeable in Figs. 1(b) and 1(f) is an anomaly in Rs(T) at
Twf . This is better illustrated in Figs. 1(c) and 1(g), which
plot the T dependence of dRs/dT , revealing clear anomalies
at both Twf and TN, the former being most prominent, as is
typical [14,15,26]. Since this transport is surface dominated,
this indicates that both the AF and WF orders in NiS2 persist
to the surface [26], a nontrivial finding. We note as an aside
that the observation of an anomaly at TN in dRs/dT is at odds
with a prior claim that this feature is seen only in flux-grown
NiS2 crystals [14].

With expected behavior in M(T) and Rs(T) established,
Figs. 1(d) and 1(h) move on to low-T MR, the primary focus
of this paper. Shown are 9-T MR(T) scans for H//[111] and
H⊥[111], using a red/blue color scheme that is employed in
all subsequent figures. As established previously, above Twf

there exists a small positive MR of nonmagnetic origin [26].
Of far higher interest in the current context, cooling through
Twf leads to a sharp negative peak of approximately −0.4%,
independent of the H direction. Below this, slightly larger
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FIG. 2. Applied magnetic field (H) dependence of the magnetization M [top panels (a),(c),(e),(g)] and percent magnetoresistance MR
[bottom panels (b),(d),(f),(h)] at temperatures (T) of 31 K [left (a)–(d)] and 30 K [right (e)–(h)]. Data are shown for H parallel to [111] (red)
and perpendicular to [111] (blue). At 30 K, the weak ferromagnetic ordering field Hwf is marked with the dashed vertical lines.

MR (with magnitude up to >0.5%) is found, in this case
with strong anisotropy. The MR with H//[111] is negative and
relatively large, while the MR for H⊥[111] is positive and
smaller. The subsequent sections of this paper seek to explore
and understand the MR(T) behavior in these two field direc-
tions, breaking it down into the T ≈ Twf regime (Sec. III B),
the T < Twf regime (Sec. III C), and the lowest-T regime
(Sec. III C). As will become clear below, while the MR effects
here are modest in these bulk single crystals, it is important
to note that they become very large in nanoflakes [40], and
therefore likely in films also, which has led to speculation
regarding possible applications [40].

B. Magnetoresistance due to field-induced weak
ferromagnetism (T ≈ Twf )

Figure 2 greatly elucidates the origin of the sharp negative
MR peak in Figs. 1(d) and 1(h) by examining M(H) and
MR(H) in the two H directions just above Twf [at 31 K,
Figs. 2(a)–2(d)] and within the narrow hysteresis region
around Twf shown in Figs. 1(a) and 1(e) [at 30 K, Figs. 2(e)–
2(h)]. At 31 K [Figs. 2(a)–2(d)], things are as expected: M(H)
is linear and largely isotropic in the AF phase [Figs. 2(a) and
2(c)], while MR(H) displays somewhat anisotropic parabolic
positive MR, similar to prior work at comparable temperatures
[26,40]. Cooling into the thermal hysteresis region associated
with Twf , however [Figs. 2(e)–2(h)], leads to clear anomalies
in M(H) at field magnitudes we denote Hwf . At a given T,
these fields mark the point at which a field-induced transition
from AF to WF phases occurs, i.e., metamagnetism, lead-
ing to increased M [10,25,26]. Figures 2(f) and 2(h) reveal
that this transition is evident in MR(H) also. The vertical
dashed lines in fact mark the points in the M(H) curves at
which peaks occur in dM/dH, coinciding with the points at
which maxima/minima occur in d(MR)/dH (see Supplemental
Material Fig. S1 for more detail [42]). Similar to systems in
which first-order AF to F transitions occur as a function of
T (e.g., FeRh [43,44]), H-driven transitions from AF to WF
can thus be driven in NiS2 in the vicinity of Twf , no doubt
associated with Zeeman coupling of the WF phase to the
applied H [44], naturally leading to an associated transition

in resistivity, and thus “metamagnetic MR.” As is typical
[43,44], the metamagnetic MR here is negative, indicating that
ρ is lower in the WF phase than the AF phase. The effect is
also essentially isotropic in Figs. 2(f) and 2(h), and small in
magnitude compared to systems such as FeRh [43,44]. Lower
MR at a field-driven AF to WF transition compared to an
AF to F transition is intuitive, although a more quantitative
understanding would obviously require a better appreciation
of the origin of the WF state in NiS2.

C. Magnetoresistance due to weak ferromagnetic
switching, and exchange bias (T < Twf )

1. Experimental findings

As shown in Figs. 1(d) and 1(h), cooling significantly
below Twf switches off the MR mechanism discussed in
Sec. III B, instead inducing a distinctly different form of MR.
Figure 3 illustrates this latter effect through the behaviors of
M(H) and MR(H) in the two H directions at a representative
T ≈ 20 K. Figures 3(a) and 3(d) show the expected M(H)
behavior at this T, where the soft WF component appears
superimposed on a nonsaturating, essentially linear “back-
ground” due to the coexisting AF order [10,14,25,26]. The
interesting finding here, however, is that the M(H) behaviors
with H//[111] and ⊥[111] are distinctly different. Specifically,
the H//[111] data in Fig. 3(a) (i.e., with H perpendicular to the
surface) reveal clear anomalies at critical field magnitudes we
label H∗, which are not present when H⊥[111] [Fig. 3(d)].
This field scale H∗ is found at all T < Twf when H is applied
//[111], as shown below. Most significantly, Figs. 3(c) and 3(f)
show that the anomaly at H∗ for H//[111] appears not only
in M(H), but also in MR(H), as a sharp decrease in ρ, i.e.,
negative MR commencing at H∗. This is underscored by the
vertical dashed lines in Figs. 3(a)–3(c), which illustrate the
abrupt coincident changes in M(H) and MR(H) at ±H∗. A
similar phenomenon is visible at certain temperatures in the
local MR data acquired on NiS2 nanoflakes recently, where it
reaches very large amplitudes, exceeding 1000% [40].

That the MR effects in Figs. 3(c) and 3(f) are clearly mag-
netically driven is highlighted by Figs. 3(b) and 3(e), which
plot −M2

wf (H ) for comparison to MR(H). This quantity is
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FIG. 3. Applied magnetic field (H) dependence of the magnetization [M, top panels (a),(d)], negative square of the weak ferromagnetic
magnetization [−M2

wf , middle panels (b),(e)], and percent magnetoresistance [MR, bottom panels (c),(f)] at temperature T ≈ 20 K. [(a)–(c)
were acquired at 15 K, (d)–(f) at 25 K]. Data are shown for H parallel to [111] (left, red) and perpendicular to [111] (right, blue). In the H//[111]
case the reorientation field H∗ is marked with the dashed vertical lines. In all cases, decreasing (negative direction) and increasing (positive
direction) field sweeps are shown in lighter and darker shades, respectively. Mwf is isolated by removing the linear high-field background from
the data in panels (a),(d). (g) Schematic of the proposed spin reorientation with H//[111]. Surface and bulk regions are shown in yellow and
gray, respectively, and a single surface step (and thus two terraces) are shown; black arrows indicate the direction of H, parallel to [111].

determined by subtraction of the linear high-H component in
Figs. 3(a) and 3(d) due to the AF order, thus isolating the WF
magnetization, Mwf . The negative square of this quantity then
provides an ideal comparison for MR(H) (see, e.g., [45]). The
overall trends in H dependence in Figs. 3(b) and 3(e) indeed
have clear similarities to those in Figs. 3(c) and 3(f), confirm-
ing the magnetic origin of this MR effect, and its link to the
WF phase. Comparing Figs. 3(e) and 3(f), for example, it can
be seen that the weak MR present for H⊥[111] is analogous
to the anisotropic magnetoresistance (AMR) observed in con-
ductive ferromagnets [46]. On sweeping down from positive
H (lighter lines), an MR peak occurs just past H = 0 at a small
negative H, well correlated with –Hc [the negative coercive
field; see Fig. 3(d)]. A gradual decrease in ρ then occurs out to
around −6 T [Fig. 3(f)], in good agreement with the WF mag-
netization behavior [Fig. 3(e)]. The reverse sweep to +9 T
(darker lines) then follows the same behavior, but inverted, as
expected. With H//[111], however, a similar AMR-type effect
also arises [see the low-H correlations between Figs. 3(b) and
3(c)], but with the additional large drop in ρ (i.e., negative
MR) at ±H∗. Clearly, there thus exists some switching effect
in the WF magnetization, only for H//[111], which induces
this larger, negative MR effect. We emphasize that whatever
this switching effect is, it is anisotropic [see Figs. 3(a) and
3(d), and 3(c) and 3(f)], clearly related to the WF order, not the
AF order [the magnetization associated with the latter is es-
sentially isotropic, e.g., Figs. 2(a) and 2(c)], and must exist at
the NiS2 surface (as it is observed in these surface-dominated
magnetotransport measurements).

Figure 4(a) shows the T dependence of H∗, obtained by
warming above TN and then cooling back to each T to take

FIG. 4. Temperature (T) dependence of (a) the reorientation field
H∗ and (b) the coercive (Hc) and exchange-bias (He) fields. The weak
ferromagnetic ordering temperature Twf is marked. Necessarily, (a) is
for H//[111] while (b) is for H⊥[111]. In (a), points are shown from
both magnetoresistance (MR) and magnetization (M).
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FIG. 5. Applied magnetic field (H) dependence of the magneti-
zation M [top panels (a),(c)] and percent magnetoresistance MR (d)
at temperature T = 2 K. Data are shown for H perpendicular to [111]
(left, blue) and parallel to [111] (right, red). Panel (b) is a blowup of
(a) illustrating the existence of exchange bias. In all cases, decreasing
(negative direction) and increasing (positive direction) field sweeps
are shown in lighter and darker shades, respectively.

isothermal M(H) and MR(H) data. The measurements of H∗
from MR and M (open and solid symbols, respectively) are
reassuringly consistent, exhibiting a strikingly linear increase
on cooling. At T > 20 K, H∗ can no longer be easily identi-
fied as this field scale becomes sufficiently low that it begins
to overlap with both the typical WF magnetization reversal
at ±Hc, and the Hwf as T → Twf . The linear extrapolation to
H∗ = 0 in Fig. 4(a) comes in at ∼26 K, however, close to Twf ,
further confirming the link between H∗ and the WF phase.
Figure 4(a) thus demonstrates that as the system is cooled, and
the magnetic order strengthens [Fig. 1(a)], the field required to
trigger the switching event at H∗ apparently increases linearly
[Fig. 4(a)], eventually resulting in H∗ exceeding the 9-T mea-
surement window below ∼9 K. The MR behavior below this
temperature is returned to below, later in this section.

Figures 5(a) and 5(b) further highlight that while no H∗
occurs for H⊥[111] (in the crystal plane), another interesting
effect does arise. As can be seen in Fig. 5(a), but more clearly
in the low-H close-up in Fig. 5(b), cooling to low-T (2 K in
this case) induces clear exchange bias, only for H⊥[111] (the
equivalent M(H) for H//[111] is shown in Fig. 5(c) and reveals
no exchange shift, even on close inspection). Interestingly,
this exchange bias does not require deliberate cooling in a
large field; it emerges even on cooling in a small remanent
field, or after the initial application of a 9-T field at low T,
i.e., “field poling” [47]. Explicitly, the left and right coercive
points in Fig. 5(b) occur at −0.12 and 0.06 T, respectively,
indicating a negative exchange-bias field, He (i.e., opposite to
the remanent cooling field and low-T poling field), as is typical
in exchange-biased systems [48,49]. The full T dependence of
He and Hc is plotted in Fig. 4(b). Hc is seen to onset sharply
on cooling below Twf , consistent with the first-order nature

of the AF to WF transition [10,26]. Hc then exhibits a clear
change in behavior below ∼20 K, close to the point at which
He emerges [20–25 K from Fig. 4(b)]. He then grows mono-
tonically on cooling, in typical fashion for exchange-biased
systems [48,49].

2. Interpretation: Surface spin reorientation

Considering Figs. 3–5 together, the picture that emerges
is that a distinct magnetic switching phenomenon associated
with the WF magnetization occurs below ∼20 K in NiS2, only
when H is applied along [111], perpendicular to the surface
[Fig. 3(a)]. This switching phenomenon triggers a clear neg-
ative MR effect in surface transport [Fig. 3(c)]. Simultaneous
with this, exchange bias develops when H is applied perpen-
dicular to [111], i.e., parallel to the surface [Figs. 4(b), 5(a),
and 5(b)]. Connecting these systematic findings with prior ob-
servations from local (micron-scale) MR measurements and
magnetic microscopy on NiS2 nanoflakes [40], we propose
a consistent and unifying explanation for these effects. First,
the exchange bias for H⊥[111], in the crystal plane, likely
simply reflects the interaction between WF and AF orders that
would naturally be anticipated [48,49]. Figure 4(b) shows that
this develops below an exchange-bias blocking temperature
of 20–25 K, slightly below the Twf ordering temperature, as is
common in exchange-biased systems [48–50]. Explicitly, the
AF order in NiS2 is present at all T below TN ≈ 39 K, with
the AF order parameter growing on cooling in second-order
fashion. When the WF order then kicks in below Twf (also
modifying the overall AF order [24]) exchange bias develops
due to coupling between the WF magnetization and the AF
order parameter. The exact blocking temperature for such a
phenomenon would be expected to deviate somewhat from
Twf (i.e., the lowest of the AF and F ordering points) depend-
ing on the magnitudes of the magnetocrystalline anisotropies
involved [48–50]. The fact that these exchange-bias effects
develop only for H in the crystal plane, i.e., in the (111)
plane, may be consistent with prior neutron-diffraction-based
measurements of the NiS2 spin structure, which indicate AF
alignment in alternating (111) sheets [24], i.e., a nominally
uncompensated (111) surface.

Moving to the more interesting H//[111] situation, we pro-
pose that the key factor to explain the intriguing WF switching
events at H∗ is the recent observation of high WF magne-
tization concentrated at step edges on NiS2 surfaces [40].
That work used nitrogen-vacancy-center scanning microscopy
to detect regions of the NiS2 crystal surface with enhanced
out-of-plane magnetic field, specifically below Twf [40]. These
regions were found to be correlated with step edges on the
single-crystal surface, leading to the conclusion that out-of-
plane WF magnetization is concentrated at surface defects
such as step edges in NiS2 [40]. It is interesting to note that
this could be consistent with the recent claim that the magne-
tization in NiS2 may be connected to domain walls associated
with the complex AF order [14], as these walls could be
pinned at such defects. Based on this, and the observations
in Figs. 1, and 3–5, we propose the simple picture in Fig. 3(g)
to explain the phenomena observed here.

As shown in Fig. 3(g), we split the NiS2 into bulk (gray)
and surface (yellow) regions, the latter carrying the transport

104401-6



EXOTIC SURFACE MAGNETOTRANSPORT PHENOMENA IN … PHYSICAL REVIEW MATERIALS 7, 104401 (2023)

current at low T. Based in part on the recent magnetic mi-
croscopy results [40], we propose that the majority of the
surface exhibits in-plane orientation of the WF magnetization,
while surface steps have WF magnetization pinned out of
plane. Assuming different magnitudes of magnetic anisotropy
in the bulk and surface regions, which is easily justifiable, we
then propose the situation in the top panel of Fig. 3(g). When
small H is applied along [111] (perpendicular to the surface),
the WF magnetization in the NiS2 interior begins to align with
H, more easily than the majority of the surface, i.e., the surface
terraces. Consistent with Fig. 3(a), the WF magnetization thus
increases in typical fashion with increasing H, dominated by
the bulk. At H∗, however, we propose that a spin reorientation
transition is triggered at the surface terraces, inducing an
abrupt switch to the situation in the bottom panel of Fig. 3(g).
The surface region then transitions from a situation where the
transport current must flow between in-plane-oriented terraces
through out-of-plane-oriented steps (top panel), to a situation
where the current flows through uniform WF magnetization in
the terraces and step edges, naturally explaining the onset of
abrupt negative MR at H∗ in Fig. 3(c). Explicitly, additional
scattering at the interfaces between surface regions with dif-
fering WF spin alignment is extinguished at H∗ due to the
spin reorientation transition, decreasing the resistance. This
simple picture also explains the abrupt increase in WF mag-
netization at H∗ [Fig. 3(a)], the relatively small magnitude of
this increase being due to the fact that it involves the surface,
not the bulk. In addition, as T is increased and the magnetic
anisotropies naturally decrease, one would then expect a de-
crease in the critical field for the spin reorientation transition,
as illustrated in Fig. 4(a). When H is applied perpendicular to
[111], however, in the plane of the crystal surface, the bulk WF
magnetization simply aligns with H and the surface terraces
obviously exhibit no reorientation to out of plane, and thus
no H∗ features arise in either M(H) or MR(H) [Figs. 3(d) and
3(f)]. This simple picture, based only on the prior observation
of perpendicular WF magnetization at step edges [40] and
different magnetic anisotropy in the surface and bulk, can thus
qualitatively explain all of the key phenomena in Figs. 3–5.

3. Lowest-T behavior: Field asymmetry

Further elucidating some of the recent observations in lo-
cal transport measurements on NiS2 single-crystal nanoflakes
[40], Figs. 5(c) and 5(d) illustrate what occurs in M(H) and
MR(H) for H//[111] at the lowest T probed (2 K). At this point,
as noted in the above discussion of Fig. 4(a), the temperature
has been lowered to the point that H∗ exceeds the 9-T mea-
surement window in this study. As shown in Fig. 5(c), there
is thus no visible H∗ in the ±9 − T M(H) sweep. While it
appears unusual at first sight, and in fact was highlighted as
such in the recent nanoflake study [40], the resulting field-
asymmetric MR(H) in Fig. 5(d) can also be qualitatively
understood based on the above picture (Sec. III C 2). Specif-
ically, the H sweep from +9 to −9 T displays the typical
peak associated with the reversal of the WF magnetization
at small negative H [as in Fig. 3(c)], but the sharp feature
at H∗ in Figs. 3(a)–3(c) is not hit because |H∗| > 9 T. A
large fraction of the surface WF magnetization thus remains
unswitched to the out-of-plane, [111], direction, meaning that

FIG. 6. Applied magnetic field (H) dependence of the transverse
(Hall) resistance at (a) 2 K, (b) 15 K, and (c) 31 K, with H//[111]. In
(b), the spin reorientation field H∗ is shown by the vertical dashed
lines. In all cases, decreasing (negative direction) and increasing
(positive direction) field sweeps are shown in lighter and darker
shades, respectively.

the WF magnetization is not saturated and a minor loop is
swept out on reversing H from −9 to +9 T on the return cycle.
With respect to the schematic in Fig. 3(g), the situation in the
bottom panel is thus not reached, i.e., the WF magnetization
from the surface terraces is never reoriented to out of plane.
The resulting MR(H) in Fig. 5(d) is therefore highly field
asymmetric, bearing a striking resemblance to the MR curves
reported at low T in the recent NiS2 nanoflake study [40]. Note
that the obvious asymmetry in MR(H) [Fig. 5(d)], while M(H)
shows no such behavior [Fig. 5(c)], is simply due to the former
being surface dominated while the latter integrates over the
surface and bulk, and is thus bulk dominated.

D. Corresponding Hall effects

Moving on from magnetoresistance, Fig. 6 shows that
some of the exotic MR effects discussed above also mani-
fest in interesting ways in the Hall channel. Shown here is
the H dependence of the transverse (Hall) resistance Rxy at
illustrative temperatures of 31, 15, and 2 K, obviously with
H//[111] (perpendicular to the crystal plane and thus current
flow). At 31 K [Fig. 6(c)], above Twf and TN, simple linear
behavior is seen in Rxy(H), with a positive slope and thus
a positive Hall coefficient. This is consistent with our prior
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observation of holelike transport in the surface state of NiS2

single crystals [26]. While the Hall effect is far from straight-
forwardly interpreted in Mott insulators, this sign is consistent
with FeS2 surface transport [29–33], where the band bending
at the surface is upward, resulting in the chemical potential
moving toward the valence band edge [51], irrespective of the
bulk doping (which can be n type [29–33,51,52] or p type
[53] in single-crystal FeS2). Intriguingly, at 15 K [Fig. 6(b)],
below Twf , the linear behavior in Rxy(H) persists, but with clear
additional features near ±H∗ (marked by the dashed vertical
lines). The irregular signatures in Rxy(H) at these fields in fact
bear a striking resemblance to the similarly chaotic behavior
that is seen upon close inspection of MR(H) near ±H∗ [see
Fig. 3(c)], likely indicating some stochasticity in the exact
switching field H∗ across the NiS2 surface. This is consistent
with the above interpretation (Sec. III C 2) in terms of surface
steps and terraces [Fig. 3(g)], which will obviously vary in
their exact structure, and thus magnetic structure, from point
to point on the surface.

Cooling well below Twf , to 2 K, where the WF order
fully develops, then leads to the behavior in Fig. 6(a), where,
remarkably, Rxy(H) exhibits a sizable, nonlinear, saturating
component, superimposed on the linear positive component
seen in Figs. 6(b) and 6(c). Given the clear presence of WF in
this system, and the broad consistency of the data in Fig. 6(a)
with the soft nature of the WF magnetization [see Fig. 5(c)],
we ascribe this to an anomalous Hall effect associated with
the WF order, which does not seem to have been previously
detected in NiS2. The anomalous Hall coefficient is apparently
negative, i.e., opposite in sign to the ordinary Hall coefficient.
Figure S2 in the Supplemental Material [42] thus inverts the
Hall signal in Fig. 6(a), and subtracts the ordinary Hall con-
tribution, to better isolate the anomalous Hall effect alone. A
deeper understanding of this anomalous Hall effect in NiS2

will likely require an improved understanding of the actual
origin of the WF order. The high current general interest in
anomalous Hall effects in AF systems [54] suggests that fur-
ther work along these lines would not only be very worthwhile
in terms of understanding NiS2, but also on a more general
level. We note that the T dependence here is of some interest,
as the anomalous Hall signal develops only below ∼10 K,
quite far beneath Twf . As final comments on the 2 K data in
Fig. 6(a), we point out that (i) no additional switching features
due to the spin reorientation transition are present in Rxy(H),
due to H∗ exceeding 9 T at this temperature; (ii) the exact form
of Rxy(H) in Fig 6(a) and M(H) in Fig. 5(c) expectedly differ
because Rxy(H) is purely surface dominated; and (iii) Rxy(H)
exhibits none of the field asymmetry seen in MR(H) at this
temperature [Fig. 5(d)]. The latter observation is presumably
due to the fact that the anomalous Hall effect is sensitive

only to the out-of-plane magnetization, unlike the MR, which
is clearly impacted by the interfaces between in-plane and
out-of-plane magnetized regions [see Fig. 3(g), top panel].

IV. SUMMARY AND CONCLUSIONS

A full study has been presented of the magnetotransport
phenomena that emerge at low temperatures in NiS2, deep
in the surface transport regime, and below both the antifer-
romagnetic and weak ferromagnetic ordering temperatures.
The onset of weak ferromagnetic order is found to have
a particularly significant effect on transport, generating an
anomaly in the temperature dependence of the resistivity and
an isotropic negative magnetoresistance sharply peaked near
the weak ferromagnetic ordering temperature. This has been
explained in terms of metamagnetic magnetoresistance, i.e.,
the influence of a magnetic-field-induced antiferromagnetic
to weak ferromagnetic transition on the resistivity. At lower
temperatures, a larger, negative, anisotropic magnetoresis-
tance then emerges. This occurs only for fields parallel to
[111], perpendicular to the surface, due to a distinct switching
event associated with the weak ferromagnetism. In light of
exchange-bias effects in the in-plane direction, and recent ob-
servations of heightened weak ferromagnetism in the vicinity
of steps on the NiS2 surface [40], we consistently interpret
these results in terms of a field-driven surface spin reorien-
tation. At the lowest temperatures, the critical field for this
transition eventually exceeds the 9-T measurement window,
resulting in pronounced field asymmetry in the magnetore-
sistance sweeps, further demystifying recent observations in
NiS2 nanoflakes [40]. Finally, some of these phenomena also
manifest in the Hall effect, in particular, generating a siz-
able anomalous Hall effect at the lowest temperatures, likely
associated with the weak ferromagnetic order. These results
substantially clarify the magnetotransport properties of this
extensively studied model antiferromagnetic Mott insulator,
yet further highlight the importance of surface transport in
this system, and create a foundation to better understand the
transitions from Mott insulator to metal with electron/hole
doping and bandwidth control in the future.
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